3~43194).
Introduction
Periodontal ligament (PDL) is a soft fibrous connective tissue that lies between two mineralized periodontal tissues: the cementum, lining the tooth root, and the alveolar bone, which is a part of the maxilla and the mandible. The main functions of the PDL are to anchor the tooth to the jaw and to react to multidirectional mechanical stresses, such as masticatory and orthodontic forces, as a shock-absorbing system. Moreover, the PDL may play a prominent role in tooth eruption (2, 30) . Human and rat teeth move, or drift, throughout the life of the individual, a process termed "physiological tooth movement" (35) . The constant distal or mesial drift of the molar teeth through the alveolar bone of the maxilla and the protein that contains y-carboxyglutamic acid and can bind to hydroxyapatite (14) , is synthesized by osteoblasts and odontoblasts in bone and dentin (3, 4, 13, 18, 26, 28) , respectively, and thus appears to be unique in mineralized connective tissues. Osn is a 32 KD phosphorylated glycoprotein, with the ability to bind simultaneously both Type I collagen and hydroxyapatite (40) , and is localized at osteoblasts and odontoblasts (17, 41) . Opn, originally purified from bone, is a sialic acid-rich 44 KD phosphorylated glycoprotein, which contains an Arg-Gly-Asp (RGD) adhesion motif(29) and promotes adhesion and spreading of mesenchymal cells, fibroblasts, and osteoblast-like osteosarcoma cells. Therefore, it can be regarded as a cell attachment factor (29, 37) . These three non-collagenous proteins are considered to play important roles during connective tissue mineralization and bone remodeling (3,4,13,17,18,26,28,40,41) . Furthermore, recent reports (18.32) suggest that Opn may attach osteoclasts to the bone surface during bone resorption. However, Osn and Opn are not specific for hard tissue cells and have been identified in a variety of primary non-mineralizing tissues (17, 21, 27, 41, 43) .
In the present study, to understand at the molecular level the role of Osn, Osc and Opn in bone remodeling, PDL remodeling, dentinogenesis, and cementogenesis during physiological tooth movement, gene expression for non-collagenous proteins in the periodontal tissues was investigated in the rat maxillary dento-alveolar unit containing molars and intact PDL by in situ hybridization histochemistry, using non-radioisotopic digoxigenin-11-UTPlabeled cRNA probes for Osc, Osn, and Opn (26).
Materials and Methods

Chemicals and Enzymes for Molecular Biology
Chemicals were purchased from Wako Junyaku (Tokyo, Japan) and the enzymes for molecular biology were purchased from lskara Shuzou (Kyoto, Japan).
Animals and Tissue Preparation
Seven-week-old male Sprague-Dawley rats weighing 180-200 g were anesthetized with sodium pentobarbital (15 mglkg IP) and fixed by cardiac perfusion with 4% freshly made paraformaldehyde in 0.1 M sodium phosphate buffer (PB). The maxillary bones with surrounding tissues were dissected and fxed in the same fixative overnight at 4'C. Then they were dehydrated by an ethanol series and decalcified with Morse's solution (10% sodium citrate, 22.5 % formic acid) for 6 days until the specimen became soft. Decalcified tissues were dehydrated and embedded in paraffin. The tissue blocks were cut into mesio-distal serial sections 4 pm thick and the sections were mounted on 3-(triethoxylosilyl)-propylamin (Mer& Schuchardt, Miinchen, Germany)-coated slides. They were stored at 4'C until use. For histological exanimation, some sections were stained with hematoxylin and eosin. Histological examination focused on the interradicular s e p w of buccal roots of the upper second molar ( Figure 1A ).
Probe Preparation
Digoxigenin-11-UTP-labeled single-stranded RNA probes were prepared with a DIG RNA Labeling Kit (Boehringer-Mannheim Biochemica; Mannheim, Germany) according to the manufacturer's instructions. A 1 KB fragment of mouse Osn cDNA and a 1.2 KB fragment of mouse Opn cDNA were used to generate sense and anti-sense probes. For generation of a rat Ox probe, a 0.47 KB fragment of rat Osc cDNA was obtained by reverse transcription, followed by the polymerase chain reaction (RT-PCR) and was subcloned into Bluescript I pKS. After transcription, 40 units of RNasefree DNAse (Boehringer-Mannheim) was added to the reaction mixture and a further 10 min incubation was performed at 37°C. "scription products were recovered by ethanol precipitation with 25 pg of RNAse-free glycogen (Boehringer-Mannheim) as a carrier, and the precipitate was washed once in 70% ethanol, air-dried, and re-suspended in 50 p1 of diethyl pyrocarbonate (Katayama Chemical; Osaka Japan)-treated water.
In Situ Hybridization Histochemistry
Hybridization was carried out according to the method of Nomura et al.
(26), with minor modifications.
Pre-treatment of the Sections. Sections were dried by blower for 5 min, deparaffinized. rehydrated, and fixed with 4% paraformaldehyde in 0.1 M PB (pH 7) for 20 min at room temperature (RT). Then the sections were washed twice with PB and incubated with 1 pg/ml of proteinase K (Boehringer-Mannheim) in 10 mM Tris-HC1 (pH 8), 1 mM EDTA for 15 min at 40'C. After proteinase K treatment, sections were refixed with 4% paraformaldehyde in PB for 10 min at RT. They were then washed once with PB and treated with 0.2 N HCI for 10 min at RT to inactivate internal alkaline phosphatase conjugates which were used for detection, and were washed once with PB and equilibrated with 0.1 M triethanolamine-HC1 buffer (pH 8) for 2 min. Acetylation of the sections was performed by incubating with freshly prepared 0.25% acetic anhydride in 0.1 M uiethanolamine-HC1 buffer (pH 8) for 10 min at RT. After acetylation, sections were dehydrated by passing through PB and 70, 80, 90, 95% ethanol and 100% ethanol twice for 15 sec each, air-dried. and used for hybridization within 3 hr.
Hybridization and Wuhing. The hybridization solution contained 50% deionized formamide, 10% dextran sulfate, 1 x Denhardt's solution. 600 mM NaCI, 0.25% SDS, 250 pg/ml E. coli tRNA (proteinase treated), 10 mM DTT (dithiothreitol), and 0.1-2 pglml of digoxigenin-UTP-labeled RNA probe. The probe was diluted with hybridization solution and incubated at 85°C for 3 min. Then about 50 pl/cm2 of hybridization solution was placed on the sections and they were covered with Parafilm and incubated at 50% for 16 hr in a moisture chamber saturated with 50% formamide. After hybridization, the Parafilm was dislodged with preincubated 5 x SSC (1 x SSC = 150 mM NaCI, 15 mM sodium citrate) at 50°C. The slides were then incubated with 50% formamide in 2 x SSC for 30 min at 50'C to remove excess probe. The slides =re next incubated with TNE (10 mM Tris-HC1, 1 mM EDTA, 500 mM NaCI) buffer for 10 min. RNAse A treatment (10 pglml) was carried out at 37'C in TNE buffer for 30 min, and excess RNAse A was removed by washing with TNE. The slides were incubated with 2 x SSC and 0.2 x SSC twice for 15 min at 5O' C.
Immunodetection of Hybridized Probe. Washed slides were incubated with DIG buffer 1 (100 mM Trk-HCI, pH 7.5, 150 mM NaCI) for 2 min and then with 1.5% blocking reagent in DIG Buffer 1 for 60 min at RT.
A 100 pl/un2 specimen of diluted polyclonal sheep alkaline phosphatasecoupled anti-digoxigenin Fab fragment (1:100-1:150) in DIG Buffer 1 was mounted on the sections, which were circled with a PAP pen and incubated for 30 min at RT. After immunoreaction, slides were washed twice with DIG Buffer 1 for 15 min and equilibrated with DIG Buffer 3 (100 mM %is-HC1. pH 9.5, 100 mM NaCI, 50 mM MgC12) for 3 min. A coloring solution containing 337.5 pglml ofnitroblue tetrazolium salt and 165 p g / d of J-bromo-4-chloro-3-indolyl-phosphate in DIG Buffer 3 was mounted on the sections and incubated at RT or 37'C until the signal-to-noise ratio was maximum (usually overnight). The reaction was stopped by rinsing the slides with a 10 mM %is-HC1, pH 8, 2 mM E M A solution and the slides were mounted with Crystal Mount (Biomedia; Foster City, CA).
Results
Expression of mRNAs for Osteonectin and Osteocalcin
The distribution of an intense positive signal of mRNAs for Osn and Osc at a lower magnification was demonstrable in the connective tissue of PDL, certain surfaces of alveolar bone facing the marrow spaces, and the apical part of the root, dentin surfaces of dental pulp, and the cellular cementum of 7-week-old rat (Figures 1C and ID). A very intense positive signal for Osn and Osc "As was expressed at all distal surfaces of the interradicular septum of buccal roots of the upper second molar during its distal drift. Moreover, Osc mRNA was intensely expressed at the mesial surface of the distobuccal root and the surface of the root bifurcation within the PDL space. In contrast, in the connective tissue of PDL at the mesial surface of interradicular septum and the distal surface of mesiobuccal root, an intense signal for Osn and Osc mRNAs could not be demonstrated. The connective tissue above the alveolar crests close to the tooth exhibited a moderate, uniform signal for Osn mRNA.
As shown in Figure 2B , at a higher magnification Osn mRNA was distributed throughout the ligament fibroblasts. The fibroblasts and connective tissue fibers of PDL were arranged obliquely from the root surface to the alveolar bone ( Figure 2A ). The cells facing the distal surface of the interradicular septum showed a highly intense positive signal for Osn and Osc mRNAs in a punctate perinuclear arrangement and they were not spindle-shaped but rather cuboidal ( Figures 2B and 2C ). They lined up on the bone surface and cells near the crest gathered into several layers. On the other hand, cells in the central and cemented zones of PDL had elongated nuclei and a spindle shape. These fibroblasts showed a moderate but not intense positive signal for Osn mRNA ( Figure  2B Figure 3C ).
Newly differentiated cementoblasts on the forming front ofthe apical cellular cementum exhibited intense signal for Osn and Osc "As ( Figures 4B and 4C) . These round or polygonal cells had relatively large, round nuclei compared with those of PDL fibroblasts. Although cementoblasts located against the lower third of the cellular cementum expressed an intense signal for Osn "A, further up the root and towards the crown much of this intense signal disappeared ( Figure IC) . In contrast, a strong signal for Osc mRNA was expressed in all cementoblasts adjacent to the cellular cementum. Some cementocytes within the matrix of the cdular cementum were also positive for Osn and Osc mRNAs ( Figures 4B  and 4C) .
Odontoblasts within the molar pulp chambers and pre-mature odontoblasts, just starting with the production of dentin matrix at the root apex, showed a positive cytoplasmic signal for Osn and Osc "As (Figures lC, lD, 4B, and 4C). Other pulp cells were clearly negative for any signals.
Expression of Osteopontin mRNA
The distribution of Opn mRNA-positive signal at a lower magnification was demonstrable at the mesial surface of the interradicular septum of buccal roots, certain areas of alveolar bone facing the marrow spaces, the cellular cementum, and the surface of the acellular cementum within the PDL space of the 7-week-old rat tooth ( Figure 1E ).
As shown in Figure 5A , specifically physiological bone resorption was restricted to the mesial surface of the interradicular septum of the second molar during its distal drift. Higher magnification revealed the presence of Opn mRNA in osteocytes and in cells on the bone resorption surface, including some osteoclasts ( Figure  5B ). Osteocytes expressed Opn mRNA at the mesial side of the interradicular septum adjacent to the resorption surface but not at the distal side adjacent to formation surface during the distal drift of the molars ( Figure 5B ). Multinucleated cells adjacent to Howship's lacunae, designated as osteoclasts, were strongly positive for Opn mRNA in areas of resorption occurring on the alveolar bone adjacent to the PDL Signal disttibution associated with cell SUUCtures was shown to be largely perinuclear, similar in pattem to that observed for Osc and Osn "As.
A layer of PDL fibroblasts adjacent to the acellular cementum at the mesial surface of buccodistal roots, as well as the surface of the root bifurcation, were positive for Opn mRNA (Figures E and 5D ). On the other hand, fibroblasts in the central zones and the cemented zones of the distal surface of buccomesial root did not show a positive signal for Opn mRNA ( Figure 5B ). PDL fibroblasts facing the distal surface of the interradicular septum did not demonstrate a positive signal ( Figures 1E and 5B) .
The flattened cells lining the alveolar bone surface facing the marrow space showed a positive signal ( Figure 3D ). However, expression of Opn mRNA was not observed at the bone formation surface in cuboidal osteoblasts ( Figures 3D and 5D ). Moreover, osteoblasts along the bone surface facing the apical part of the root did not show Opn mRNA signal (data not shown).
A few newly differentiated cementoblasts at the apical cellular cementum exhibited a strong signal for Opn mRNA ( Figure 4D ). Some cementocytes of the cellular cementum were also positive for Opn mRNA ( Figure 5F ). Odontoblasts, pre-mature odontoblasts at the root apex, and pulp cells did not show any hybridization signal for Opn mRNA (Figures 1E and 4D ).
The pattem of signal distribution for Osn, Ox: and Opn "As was remarkably reproducible from rat to rat. In sections hybridized with a sense strand Osn ( Figure IF) , Osc (data not shown), or Opn (data not shown) probes, no significant hybridization signal could be found in the section. The cell types that hybridized with the cRNA probe encoding bone matrix proteins are summarized in Table 1 .
Discussion
Although cells such as fibroblasts, osteoblasts, osteoclasts, cementoblasts, and various precursors are always present in the PDL (22), little is known about the origin of these populations and the distribution of cells in this connective tissue. Moreover, it is not known whether PDL fibroblasts, cementoblasts, and osteoblasts all arise from a common precursor or whether each cell type has its own specific precursor. %king into account the variety of cell types within one organ, in situ hybridization has provided information not only about the level of gene expression but also about the cell types and the cell localizations that are expressing the gene in vivo. The distribution of mRNAs for non-collagenous matrix proteins in PDL has not yet been reported. We have therefore used for the first time the powerful technique of in situ hybridization to localize Osn, Osc, and Opn "As within sections of rat periodontal tissues. We correlated gene expression for matrix proteins in periodontal tissues with the cellular events characteristic of physiological tooth movement along the alveolar bone of the rat. The findings in the present study suggest physiological roles for Ox, Osn. and Opn in bone remodeling, PDL remodeling, dentinogenesis, and cementogenesis during physiological tooth movement.
Osteogenic Cells in the Periodontal Ligament Express Osn and Osc mRNAs and Bone Resorbing Cells Express Opn mRNA During Physiological Tooth Movement
Physiological tooth movements are those made by a tooth to achieve and maintain its functional position (2,25). They are associated with the processes of tooth growth, eruption, drift, and movements produced by the application of physiological external forces to the tooth (25). During the physiological distal drift in the rat at a rate of 6.7 pm/day, there is a net increase in bone resorption on the posterior side of the tooth socket and a net increase in bone formation on the anterior side (42) . In the present in situ hybridization histochemistry, a highly intense positive signal of "As for Osn and Osc was localized at all distal surfaces of the interradicular septum within the root bifurcation of buccal roots of the upper second molar of the 7-week-old rat, where the surface of the alveolar bone is consistently lined with osteoid and osteoblasts during the distal drift of the tooth. These findings strongly confirm the previous suggestion that since Osn and Osc synthesized by osteoblasts can bind hydroxyapatite (3,4,13,14,17,18,26,28,40,41) , they are associated with mineralization of bone matrix in the actively boneforming front (3, 15, 18, 20, 26) . The cuboidal cells showing a highly intense positive signal for Osn and Osc "As in a punctate perinuclear arrangement at the distal surface of the interradicular septum lined up on the active bone-formation surface and gathered into several layers at the distal surface of the crest of the interradicular septum. It is reported that osteogenic precursor cells have large, pale-staining nuclei compared with non-osteogenic cells, which have small nuclei with dense chromatin (33) . Therefore, these cuboidal cells were designated as osteoblasts and osteoprogenitor cells in a zone close to the alveolar bone surface within the PDL space. It therefore seems that during physiological tooth movement the osteogenic cells in the PDL express Osn and Osc mRNAs.
In contrast to the distribution of "As for Osn and Osc, Opn interradicular septum of buccal roots, where the remodeling surface of the alveolar bone is lined predominantly with the resorption surface and osteoclasts during the distal drift of the molars. Mononuclear cells and multinucleated cells adjacent to Howship's lacunae, designated as osteoclasts, were strongly positive for Opn mRNA in areas of remodeling resorption occurring on the alveolar bone adjacent to the PDL. It is reported that Opn was detected immunohistochemically in osteoblasts, osteocytes, and some osteoclasts in developing bones from newborn rats (21) . In situ hybridization of Opn mRNA was revealed in osteoblasts, but not osteoclasts, in 21-day fetal rat tibia (6). On the other hand, Ikeda et al. (18) have found that Opn mRNA was expressed in cells present on the bone resorption surface but not in osteoblasts on the formation surface in adult rat bone tissue. %ken together, in the adult rat bone Opn may play a physiological role, particularly in bone resorption. In addition, Opn mRNA was expressed in mononuclear cells on the bone resorption surface, which is consistent with the results in osteophytic bone, and it is tempting to speculate on the origin and function of these cells, e.g., macrophages or pre-osteoclasts (24). Furthermore, osteocytes expressed Opn mRNA at the mesial side of the interradicular septum adjacent to the resorption surface but not at the distal side adjacent to the formation surface during the distal drift of the molars. A small population of lining cells at the quiescent surface facing the bone marrow expressed Opn "A, as well as in 14-day-old-rat calvaria, suggesting that the deposition of Opn may pre-determine sites of resorption (6). Although osteocytes and lining cells are of osteoblastic lineage, these features may point to a role for Opn in bone resorption. To provide further insights into the function of Opn in bone remodeling, a study of gene expression for Opn during tooth movement, using an orthodontic appliance in rats that stimulates much more remodeling in alveolar bone, is in progress. An interesting finding in the connective tissue of the PDL of the rat was that Opn and Osc or Osn "As are expressed independently during physiological tooth movement.
PDL Fibroblasts Express Osn mRNA &ut not Osc or Onp mRNA Wasi et al. (43) have demonstrated immunohistochemically the distribution of an Osn-like protein throughout the porcine PDL and its synthesis by PDL fibroblasts in vitro. The present studies showed that in addition to the intense signal of osteogenic cells, most fibroblastic cells in the entire width of the PDL expressed Osn mRNA but not Osc or Onp "A.
Based on the observation that osteonec-
Possi&le Roles of Bone Matrix Proteins in Cementogenesis and Dentinogenesis
Although the inductive factors required for differentiation of progenitor cells to cementoblasts for cementum formation to occur are unknown, potential candidates for a role in promoting this event may include extracellular matrix proteins and, particularly, cell attachment proteins associated with cementum, such as Opn and fibronectin (39) . In addition, one of the initial events required for periodontal regeneration is attachment of connective tissues to the root surface (39) . We have identified intense expression of Opn and Osc "As in the fibroblastic cells in the PDL facing the acellular cementum of the distobuccal root surface. There is evidence that acellular cementum is formed by a unipolar cell and is subsequently covered by a cell that lacks the ultrastructural characteristics of a cementoblast but resembles a periodontal membrane fibroblast (7). In addition, it has been suggested that the differences in the mode of formation of cellular and acellular cementum are based on the differential expression of growth hormone receptor in cells of the cementoblast lineage (44). Therefore, the present findings strongly suggest that Osc and Opn mRNA in PDL may, in addition to having a role in the control of acellular cementum formation, serve as a marker for acellular cementoproducing cells in PDL and also that PDL fibroblasts appear to be the physiological source of cementoblasts. Furthermore, PDL cells adjacent to the acellular cementum of the distobuccal root surface may respond to the distal drift of the molar teeth by expression of Opn mRNA, which protein may serve as an attachment factor necessary for the regeneration of PDL.
Little is known about the non-collagenous proteins synthesized by cementoblasts that deposit cellular cementum. To date, glycosylated phosphoproteins (11, 12) , Gla-containing proteins (11, 12) and bone sialoprotein (1,38) have been isolated from cementum. The data presented here indicate that Osc and Osn "As are expressed strongly at the apical root-forming cellular cementum in cementoblasts and cementoprogenitor cells, which were those newly differentiated on the forming front of the cellular cementum. During cementogenesis in human tooth development, the cementoproducing cells were Osn-positive for immunohistochemical staining (31) . These findings suggest that Osn and Osc secreted by cementoblasts are associated with particularly cellular cementogenesis during root formation in the eruption stage. Immunofluorescent examination showed that Opn was expressed in the area of Hertwig's epithelial root sheath, at the first molar tissue in 7day-old mice during root formation (39) . The processes of root morphogenesis, dentine formation, and cementogenesis constitute a series of epithelial-mesenchymal interactions. Although the 7-weekold rat did not show Opn mRNA expression in the area of Hertwig's epithelial root sheath, it was expressed in a small population of newly differentiated cementoblasts adjacent to the cellular cementum. Therefore, Opn may also have a significant role during cellular cementogenesis in a unique fashion associated with its attach-ment function. Further studies should be performed to provide important information necessary for establishing the function of these proteins during root development.
In dentin detected immunohistochemically, odontoblasts and premature odontoblasts synthesize and secrete Osn (17, 41) and Osc (4,13). In in situ hybridization studies, an intense signal for Ox: and Osn &As was detected at odontoblasts in fetal and neonatal mice (17, 26) . In the 7-week-old rat, odontoblasts within the molar pulp chambers and premature odontoblasts, just starting with the production of dentin matrix at the root apex, showed a positive cytoplasmic signal for Osn and Osc &As but not for Opn "A.
Other pulp cells were dearly negative for signal. Based on the previous suggestion that Osn and Osc could be involved in linking both matrix and mineral during connective tissue mineralization (14, 40) , these findings suggest that Osn and Osc are associated with dentinogenesis. On the other hand, immunohistochemistry showed Opn to be present in pre-dentin and in a small number of odontoblasts (16.20) . However, Nomura et al. (26) found no apparent expression of Opn mRNA in odontoblasts in dentin of 4-week-old mouse, using a non-isotopic, digoxigenin-11-UTPlabeled cRNA probe generated from mouse Opn cDNA. Furthermore, Helder et al. (16) also could not detect Opn mRNA in odontoblasts, either by in situ or by Northern hybridization analyses. These authors suggested that the weak hmunostaining observed sporadically in some young odontoblasts is probably due to resorption of Opn of non-dental origin entrapped in the predentin. Therefore, Opn may be considered as not actually being synthesized by odontoblasts.
